In this paper, we study the bidirectional/two-way relaying of molecular communication and propose a relaying scheme with two time slots. Compared to the four-time-slot and three-time-slot schemes, the proposed two-time-slot scheme improves the throughput by a significant extent by allowing the end nodes to transmit simultaneously at the very first time slot. In contrast to the existing techniques, the proposed scheme employs a homogeneous molecular communication for bidirectional relaying where all the nodes (i.e., end nodes and relay node) are allowed to operate on the same type of molecule instead of utilizing different types of molecule for different nodes. As a result, this proposal of homogeneous molecular relaying remarkably improves the resource reuse capability. This paper generically characterizes the transmission and detection strategies of the proposed scheme. Moreover, we derive the analytical bit error probabilities for the multiple access and broadcast phases and present the end-to-end bit error probability of the proposed scheme. It's noteworthy that we take it into account the effect of molecular interference in the theoretical derivations. Extensive simulation is carried out, and it is shown that simulation results match very well with the derived theoretical analysis.
the XOR bits to the end nodes in the third time slot. The throughput of the bidirectional relaying can be further improved by carrying out the exchange of information in two time slots [14] [15] [16] .
In the two-time-slot scheme, the end nodes transmit simultaneously at the first time slot.
A molecular bidirectional relaying with three time slots was shown in [10] , [11] . In [12] , two-time-slot relaying was shown, however three types of molecules were used to complete the bidirectional relaying. 1 Moreover, the analysis of [12] does not consider the interference from the unwanted molecules.
In this paper, a novel two-time-slot bidirectional relaying for molecular communication is
proposed. The contributions of this paper are summarized as follows -
• It proposes a two-time-slot bidirectional relaying model for molecular communication while
considering homogeneous molecular relaying. In other words, each transmitting node operates on the same type of molecule rather than using different types of molecule for different transmitting nodes. Thus the proposed scheme greatly enhances resource reuse and efficiency. Moreover, it improves throughput of the bidirectional relaying at a significant degree by allowing the end nodes to transmit simultaneously at the first time slot.
• It broadly characterizes transmission and detection strategies for the proposed scheme.
• This paper derives the analytical bit error probabilities for each time slot and also show the end-to-end bit error probability of the proposed scheme. We also considers the effect of molecular interference in the theoretical derivations. Extensive simulation is carried out to verify the theoretical analysis.
The remainder of this paper is organized as follows. In Section II, we present the system model of the two-time-slot bidirectional relaying in the molecular communication. We analyse the first time slot (multiple access phase) in Section III, while section IV describes the second time slot. We present the simulation and analytical results in Section V. Finally, we conclude in Section VI.
II. SYSTEM MODEL A bidirectional relaying model for molecular communication is illustrated in Fig. 1 , where two end nodes A and B exchange their information via a relay node R. These nodes transmit their information by emitting molecules, where each molecule propagates independently. We consider a half-duplex communication scenario 2 , where all nodes are assumed to be perfectly synchronized. We also consider that the exchange of the information between two end nodes is accomplished in two time slots.
In the first time slot, known as multiple access (MAC) phase, node A and node B simultaneously transmit their own bit sequences by emitting groups of molecules. For simplicity of notation, throughout the paper, we use a set i as i ∈ {A, B}. Let s i ∈ {0, 1} is required to send from end node i within a bit period t b . As a modulation scheme, we consider on-off keying [4] , hence the end node emits N i molecules if s i = 1 or the end node keeps silent if s i = 0.
Following [5] , the probability of a molecule (which was emitted from end node i) absorbed by node R within time t is given by
where r R is the radius of node R, d i is the distance between end node i and R, and D is the diffusion constant and erfc(x) is the complementary error function defined as erfc(
is also known as the capture probability. Based on the total number of received molecules from both end nodes, the relay detects the sum of the transmitted bits s R = s A + s B , where s R ∈ {0, 1, 2}. Let Y R be the total number of absorbed molecules at the relay in a certain bit period. Note that Y R includes molecules from current bit period as well as undesired molecules that arrive from previous bit periods. Based on Y R , the relay performs following detection:
where, τ 1 and τ 2 (τ 1 < τ 2 ) are two predetermined thresholds. Since 0 and 2 both indicate that the transmitted bits from the end nodes are same, the relay considers both 0 and 2 as 0. Thus, the relay node essentially detects the X-OR version of the transmitted bits from the end nodes.
We provide the details about the MAC phase in Section III.
In the second time slot, known as broadcast (BC) phase, the relay releases molecules based on the detected X-OR bit sequence. The relay node releases N R molecules for s R = 1 otherwise the relay does not transmit any molecule. Similar to (1), for a molecule transmitted from the relay, the capture probability of end node i within time t is given by
where r i is the radius of node i. Note that the communication scenario in the BC phase is same as the traditional point-to-point molecular communication. At end node i, let Y i be the total absorbed molecules at BC phase in a specific bit period andŝ R i ∈ {0, 1} is the detected bit corresponds to s R . Based on Y i , end node i detectsŝ R i in the following manner.
where τ i is a predefined threshold for end node i. Since each end node knows its own bits, each end node detect the bits of the other end node by performing X-OR betweenŝ R i and corresponding own bit. For example, node A detects the bits from node B byŝ B A =ŝ R A + s A , whereŝ B A is detected at node A corresponds to s B . The details about the detection in BC phase is given in Section IV.
III. MULTIPLE ACCESS PHASE
Recall that molecules are simultaneously released from end nodes at MAC phase. Due to the molecules sent from end node i, the number of molecules absorbed by the relay during current bit period follows a binomial distribution. Let Y Ric denotes the number of received molecules at DRAFT September 6, 2016 the relay within current bit period t b , provided that molecules were emitted from the end node
and Y Ric = 0 for s i = 0. To enable tractable analysis, the above binomial distribution is approximated by the following Gaussian distribution.
Due to the randomness of the diffusion process, molecules emitted in the previous bit periods may reach at the relay in the current bit period. Thus molecules from the past bit periods cause interference on the reception of the molecules of the current bit period. However, in [4] , it was shown that only the molecules that were sent in the last time period has the significant contribution on the interference. Let Y Rip be the number of received molecules at the relay within current bit period that were sent from the end node i during last bit period. Y Rip can be written as
where
the total number of molecules (sum of desired and interferer molecules) received in a specific bit period due to the transmitted molecules from end node i. Since Y Ri depends on the current bit and the last bit of end node i, the distribution of Y Ri can be classified for the four different cases, which are summarized in Table I . In the 
In a certain bit period, let Y R be the total absorbed molecules by the relay due to the emitted can be derived from following equations for ∈ {0, 1, 2, 3}: scheme, the analytical bit error rate (P M ) at the MAC phase can be derived as:
where 
IV. BROADCAST PHASE
In the broadcast phase, the relay node starts to emit the molecules to the both end nodes depending on the estimated X-OR bit s R . Due to the transmitted molecules from the relay, let Y i be the total number of molecules (sum of desired and interferer molecules) received by end node i in a specific bit period. We also denote c R and p R as the current bit and last bit, respectively of the relay. Since Y i depends on the current bit and the last bit of the relay node, the distribution of 
the shorthand notation of the distribution, where m is the decimal value corresponds to binary number c R p R .
From the distribution of Y i , we derive the analytical bit error rate (P B i ) at the end node i in 
the BC phase as:
Recall that τ i is a predefined threshold at node i.
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we present the simulation and analytical results. To obtain results from simulation and analysis, we set the parameters as r A = r B = r R = 10µm, t b = 1 sec,
, and
. In the simulation, the number of absorbed molecules by the receiver are calculated based on corresponding Gaussian distribution. Note that, we only present the performance of the bidirectional relaying for the information flow from node B to node A. All the presented results are also valid for the information flow from node A to node B due to the symmetry of the end nodes.
A. Comparison between Analytical and Simulation Results
In the following, along with the end-to-end bit error rate (BER), we show the BER in the MAC and BC phase of the bidirectional relaying. For the analytical end-to-end BER, we consider that an end-to-end error occurs if an error event occurs either in the MAC phase or in the BC phase. Thus, the analytical end-to-end BER (P A ) is given by
Recall that P M can be calculated from (6) and P B A can be calculated from (7). In Fig. 2 , we present the MAC phase, BC phase, and end-to-end bit error rates. For each case, we show the comparison between BER obtained from the analytical result (i.e., (7), (6), or (8) ) and the corresponding BER obtained from simulation result. From Fig. 2 , we observe an exact match between the analytical and simulation results, which verifies our analytical derivations. It is also observed that the BER decays by decreasing the distance d, since a small d results in a high capture probability and vice-versa.
B. Impact of Diffusion Constant and Number of Emitted Molecules
We now show the impact of diffusion constant and number of emitted molecules on the performance of proposed bidirectional relaying. Fig. 3 shows the impact of diffusion constant D on the end-to-end BER, while Fig. 4 shows the impact of number of emitted molecules from the transmitting nodes. It is observed that by increasing the diffusion constant or number of emitted molecules, the overall performance can be improved. As expected, a good match between simulation and analytical results is observed for each case. [10] [11] [12] Compared to the traditional bidirectional relaying (i.e., four-time-slot scheme), the proposed two-time-slot scheme increases the throughput by 100%. On the other hand, our proposed scheme increases the throughput by 50% compared to the three-time-slot scheme presented in [10] , [11] .
Let a single bit can be transmitted in a time slot with a slot duration of 1 second. Then the bit rate (throughput) of four, three, and two time-slot schemes become 15 bits/min, 20 bits/min, and 30 bits/min, respectively. It is worth to mention that in terms of BER performance, the four-time-slot scheme is better than the three-time-slot scheme, while the three-time-slot scheme is better than the two-time-slot scheme.
Due to the use of homogeneous molecules for all the transmitting node, our proposed scheme uses three times less resources compared to the relaying scheme presented in [12] , where three types of molecule were used. For example, with three types of molecule, three co-located bidirectional relay networks can be operated using our presented scheme, where each bidirectional relay network can use separate types of molecule and thus, they do not interfere with each other.
With this same scenario, the relaying scheme presented in [12] requires nine types of molecule.
VI. CONCLUSION
In this paper, we have proposed a two-time-slot bidirectional relaying scheme. The transmission and detection procedures are presented for the proposed scheme. The proposed two-timeslot scheme is better than traditional scheme in terms of throughput by allowing simultaneous transmission by two end-nodes at the first time slot. Moreover, proposed scheme increases the efficiency (i.e., resource reuse) by employing homogeneous molecules for all transmitting nodes.
Analytical bit error probability of different phases are derived for the presented bidirectional relaying scheme. In contrast and as an improvement to earlier works, the presented theoretical analysis considers molecular interference from the past bit periods. Notably, we have observed an exact match between the simulation and analytical results.
